Glutamine synthetase from barley (Hordeum disticeaim L.) is precipitated by polyethylene glycol (PEG). Proline, in a concentration-dependent manner, reduces the amount of enzyme precipitated by PEG, although the effect of the imino acid can be counteracted by raising the level of PEG. The effect of PEG is a function of mer number and concentration and the influence of both elements can be ameliorated by proline. PEGinduced enzyme precipitation is a function of pH, as is its interaction with both proline and betaine in the reaction. The lack of effect of amount of enzyme on the proline and PEG effects supports the conclusion that, in this system, proline and PEG do not function through interaction with the protein. Other compounds, such as glycine, glucose, and sucrose, can decrease the PEG-induced precipitation of the enzyme, although glycerol was not active under the conditions employed.
The accumulation of the imino acid, proline, in the free uncombined form is a characteristic response of many plants to many types of stress (3) . The interpretation of this response has varied from its description as a useful criterion for the selection of varieties suited to arid areas (27) to nothing more than a measure of the rate of senescence (9) . Choosing between these extreme interpretations is difficult since plants cannot be deprived of proline, and external applications are confounded by hydration and penetration problems on the one hand, and metabolism and compartmentation of the applied compound on the other.
Recent attempts to demonstrate a conceptually useful role for the accumulated proline (which may reach submaximum levels as high as 0.1-0.3 M in the wheat apex [17] or 5-10% of the dry weight of halophytic tissue [281) have centered on the amelioration of deleterious effects of heat, pH, salt, and chemicals on enzyme activity in in vitro and organelle systems (1, 4, 19, 21, 22, 35) . In all cases reported, significant and, indeed, important proline concentration-dependent protection against a range of perturbing or stressful conditions was afforded to several enzymes.
Of the stresses plants are subjected among, if not the most prominent, and is clearly one which causes large scale proline accumulation. No in vitro system has been described with which deleterious effects of dehydration on enzyme activity can be measured, and, thus, it has not been possible to directly test the hypothesis that proline may diminish the effect of dehydration on enzymes and/or enzyme activity. Nonetheless, solvation effects do influence thermodynamic activation parameters ofenzymes (8, 13) and any component which has the ability to effect enzyme solvation may also be expected to influence enzyme activity.
A system with which to test the ability of proline to effect enzyme solvation was developed from the known property of PEG (or polyethylene oxide, or PEO) to cause enzyme (protein) precipitation from aqueous media (1 1). It was reasoned that any proline-induced decrease in the enzyme precipitation caused by PEG would reflect a lessening of the thermodynamically unfavorable conditions leading to precipitation (12) . This could result from either an enhanced ability of the enzyme to remain in solution under destabilizing conditions and/or a decreased ability of PEG to perturb the system to the same extent. In these circumstances proline could be described as exerting a 'protective' effect by maintaining the status quo in a situation that probably has strong analogies with the consequences ofbiological dehydration.
The present study describes the interaction of glutamine synthetase and PEG under a number of conditions and examines the effects of several compatible solutes on the interaction.
MATERIALS AND METHODS
Enzyme. Glutamine synthetase from barley (Hordeum distichum L.) was extracted and partially purified as described by McNally et al. (14) .
PEG-Induced Precipitation. All reagents were dissolved in 0.05 M Tris-HCl buffer at pH 6.5 (except as stated) and diluted, as required, with the same buffer. If necessary, the pH was readjusted. PEG-induced precipitation was carried out in Eppendorf tubes in a total volume of 1.0 ml. All reagents were added to the tubes in ice and mixed before the addition of enzyme. All treatments, in duplicate or triplicate, were vortexed after enzyme addition and allowed to stand in ice for at least 30 min before centrifuging for 10 min in a microfuge at room temperature. Supernatants were decanted and tubes were allowed to drain for about 30 min before wiping any undrained supernatant from the inside. The precipitated enzyme was redissolved, with vortexing, in 0.2 ml 0.05 M Tris-HCl at pH 6.5 and 0.1 ml was taken for assay. Controls of enzyme without PEG and controls of enzyme at concentrations equivalent to 100% precipitation were routinely carried through the entire procedure to determine the effect of the various steps on the activity of the enzyme.
In the experiment dealing with the effects of pH on PEGinduced precipitation, all reagents were made up in 0.05 M Tris adjusted to the required pH, and all precipitates were redissolved in buffer at pH 6.5 for assay.
Assay Procedure. Glutamine synthetase (EC 6.3.1.2) activity was measured by a transferase assay procedure (24 As anticipated, polymer size is also important in effecting enzyme precipitation. In the absence of proline, enzyme precipitation can be observed at a mer size of 600 (with 25% solutions), increasing rapidly so that almost 65% of the enzyme is precipitated at a mer size of 1000 (25% solution) (Fig. 3A) . Some enzyme is also precipitated by 15% and 20% PEG at sizes of In the presence of I M proline, the ability of all concentrations ofall mer levels (except 20% and 25% of6000) to induce enzyme precipitation is significantly reduced, some drastically so (Fig.  3B) . The interaction between polymer size and concentration, is demonstrated in both the presence and absence of proline; precipitation of a given per cent of enzyme at a low PEG mer value requires a higher concentration of PEG than is required when a longer polymer is employed. The results also indicate clearly that, ifeither the concentration or size ofthe polymer is increased sufficiently, the effect of proline is lost.
Many plants, particularly in response to salt stress, accumulate quite significant levels of glycine betaine in addition to, or in place of, proline (32) . It was of interest, therefore, to examine glycine betaine for its ability to alter PEG-induced glutamine synthetase precipitation. To our surprise, glycine betaine apparently did not decrease the PEG effect, in spite of strong similarities between the two compatible solutes (glycine betaine and proline) in other respects (19, 21, 35) (Fig. 4) .
The effectiveness of the two solutes was explored further by comparing their action to that of PEG in the absence ofadditives, over a range of pH values (Fig. 5) . PEG-induced precipitation, clearly, is very strongly influenced by pH (Fig. 5A ). Ten % PEG is only an effective precipitant at pH 5.5, and 15% PEG is active at 5.5 or 6.5, causing no precipitation at 7.5 or 8.5, and minimal effect at 4.5. Twenty % and 25% PEG, however, show considerable activity at a wider range of pH values. It is of interest that peak precipitating activity occurs at increasing pH as the PEG concentration increases, shifting from 5.5 at 10% PEG to about 6 with 15%, to 6.5 with 20% and to 6.5 to 7.5 with 25% PEG.
The curves with I M proline are considerably depressed and skewed toward lower pH values (Fig. SB) . Thus, proline more effectively suppresses PEG-induced precipitation at higher pH values than it does at more acidic pH values, and at pH 7.5, for example, proline almost completely prevents the 20% and 25% PEG effect. At pH 4.5, on the other hand, proline exerts less of a preventative action. The shift in pH at which peak precipitation occurs is also evident in the presence of proline, rising from 5.5 with 10% and 15% PEG to pH 6.5 with 20% and 25% PEG. The curves obtained with PEG and 1 M glycine betaine (Fig.  SC) were both surprising and gratifying in that they confirmed the results of our previous experiments (Fig. 4 and others not included) and suggested an explanation. Glycine betaine, also, is able to decrease the enzyme-precipitating effect of PEG, but differs from proline in its interaction with pH. At pH 4.5, glycine betaine is somewhat more effective than proline. At pH 5.5, the two solutes are about equal in action; while at 6.5, glycine betaine, at 20% and 25% PEG, is less active than proline, verging on the inactive. At pH 7.5, glycine betaine is again active, though less so than proline; and, at pH 8.5, both solutes suppress the small amount ofenzyme precipitation that PEG causes. Contrary to the effect of proline, there is less skew in the pH dependency of peak precipitation at different PEG levels, with all but 10% PEG demonstrating maximum precipitation at pH 6.5.
The effect of varying enzyme concentration on the ability of an intermediate (15%) PEG level to cause enzyme precipitation in the presence and absence of 1 M proline was explored. PEGinduced precipitation was found not to alter in either the presence or absence of proline, in spite of a 16-fold variation in enzyme concentration (Fig. 6) . At all enzyme levels, 15% PEG caused about 30% enzyme precipitation, and this was uniformly reduced, also at all enzyme levels, to about 7% precipitation in the presence of proline. Thus, the effect of neither PEG nor proline seems dependent upon, nor altered by variations in the amount of enzyme.
Since glycine betaine, at an appropriate pH, can be as active as, or more active than proline in decreasing PEG-induced precipitation, the effectiveness of several other structure-stabilizing compounds (28) was examined at pH 6.5 and with an intermediate (15%) level of PEG (in case any ofthe compounds facilitated or complemented the PEG-precipitating effect). PEG precipitated about 25% ofthe enzyme and this was unaltered by glycerol (Table I) . On the other hand, glycine was as active as proline in essentially completely preventing this precipitation, while sucrose was almost as active as the amino acids; and glucose, though also active, was not as effective as the others. In other experiments (data not presented), it was confirmed that glycerol, up to 25%, did not by itselfcause enzyme precipitation. effectiveness of polymer size, influence of protein mol wt, effect of pH, ionic concentration, etc., are known (10, 11, 15) , and the results of the present work agree well with them. The effect of the addition of salts to a PEG-protein mixture is also known; with albumin, salts both inhibited and enhanced PEG-induced precipitation depending on the pH relative to the isoelectric point of the protein (1 1). the magnitude of the precipitationenhancing effect of individual salts was related to their position in the Hofmeister scale (32) suggesting that the effect of the salts was related to their structure-stabilizing or destabilizing (30) properties.
The presence of proline diminishes the precipitation of glutamine synthetase caused by a given amount of PEG (between 10% and 20% in this system). The effect of proline is clearly concentration-dependent and it seems likely that small though significant effects could be detected at imino acid concentrations even slightly lower than 0.1 M. The protein-precipitating effect of PEG is not eliminated by proline; a higher concentration (of a given polymer size of PEG) is required to achieve the same percentage of precipitation. This response elicited by proline is reminiscent of that reported by Schobert (25) and Schobert and Tschesche (26) ; in the present system, however, it seems that the effect of proline is greatest when the PEG effect is marginal or just becoming evident.
There is a minimum polymer size and concentration required for the precipitation of the enzyme, and, to a certain extent, a higher concentration can cause the same amount ofprecipitation achieved by a longer polymer. It is not surprising, therefore, that proline can decrease the effect of both size and concentration of PEG.
Not only is there a strong influence of pH on PEG-induced enzyme precipitation, but pH also influences the precipitationpreventing action of both proline and glycine betaine (Figs. 4  and 5 ). At pH 6.5, the 20% and 25% levels of PEG cause the same amount of precipitation in the presence and absence of glycine betaine. However, the difference in effectiveness of proline and glycine betaine at high and low pH values strongly suggests that a plant able to accumulate both proline and glycine betaine would be better able to cope with a range of intracellular pH values than a plant able to accumulate only one of the solutes.
It is of great interest, also, that a number of different compounds can decrease the precipitation of the enzyme and thus 'protect' its solvation properties in the presence of a strong perturbing influence. Many of these compounds have also been observed to protect enzymes from the perturbing effects of heat (6, 19, 21) , but there is no definitive information about whether their effects in one circumstance are similar to their effects in the other.
The protein-precipitating action of PEG is usually described as involving phenomena whereby the protein is excluded sterically from regions ofthe solvent that are occupied by the polymer (12, 16, 20) . This type of behavior has been examined recently in an excellent series of reports by Timasheff and colleagues which deal primarily with the stabilizing effect of polyhydric compounds like glycerol, sucrose, hexylene glycol, etc., and amino acids on various proteins (2, 6, 7, 12, 30, etc.) . In a recent report (29) , Timasheff said "The results of these studies (on proteins and protein structure-stabilizing compounds) which were essentially dialysis equilibrium measurements . . . have revealed a uniform pattern, namely, all the protein structurestabilizing compounds are preferentially excluded from contact with the protein surface . . .". Thus, the conclusion was drawn that all of the compounds, like PEG, glycerol, proline, sucrose, etc., act to stabilize protein structure in the same way, by exclusion from the domain occupied by the protein (12, 30) .
Recently, also, Arakawa and Timasheff (2) concluded, using lactose and glucose, that sugars played a predominant role in the stabilization of protein structure through their increasing of the surface tension (i.e. surface-free energy perturbation). This effect was in addition to the influence exerted by the exclusion volume of the sugars and the chemical nature of the protein surface. Variations between different solutes in the relative contribution these parameters make to the thermodynamic properties of the system may explain the apparent anomaly noted above, i.e. that glycerol at concentrations of up to 25% did not cause enzyme precipitation nor did it prevent or increase PEG-induced precipitation under conditions in which sucrose and glucose strongly decreased the PEG effect (Table I) .
Comment must be made about the ability of PEG to cause the same per cent of enzyme precipitation, and of proline to prevent a constant percentage ofenzyme from precipitating, over a 16-fold increase in amount of enzyme. It was hypothesized that, at intermediate concentrations of both PEG and proline, if proline or PEG brought about their effects through binding to the protein, an increase in the amount of protein should lead to a dilution of the interaction and a decreased effect of either (or both) PEG or proline. The absence ofan effect ofenzyme amount strongly supports the conclusion that there is, on average, no specific binding of either PEG or proline to the protein. Thus , it seems likely that the nature of the influence of PEG and proline on the solvation of the protein is dependent on interactions between the solutes and water molecules, rather than between solutes and protein, and reinforces the results obtained with glycerol and tubulin (I18).
Though it has not yet been established, it seems likely that exclusion effects are not the only mechanism by which proline and glycine betaine affect protein stabilization. Since they decrease rather than increase the precipitating influence of PEG under the conditions of these experiments, surface tension and protein surface charge and hydrophobicity considerations are likely to be of importance. Thus, it is not possible to conclude whether the effects of proline and glycine betaine arise from a decreased ability of PEG to destabilize the enzyme protein or whether the protein has an enhanced ability to remain in solution under unfavorable conditions. However, all of the results in this work are consistent with the conclusion that a protein-containing system in which high concentrations of proline and/or glycine betaine are present, is better protected against the thermodynamically unfavorable consequences of dehydration.
